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There are several skin diseases in which the lipid
composition in the intercellular matrix of the stra-
tum corneum is different from that of healthy
human skin. It has been shown that patients suffering
from atopic dermatitis have a reduced ceramide con-
tent in the stratum corneum, whereas in the stratum
corneum of lamellar ichthyosis patients, the amount
of free fatty acids is decreased and the ceramide pro-
®le is altered. Both patient groups also show elevated
levels of transepidermal water loss indicative of an
impaired barrier function. As ceramides and free
fatty acids are essential for a proper barrier function,
we hypothesized that changes in the composition
of these lipids would be re¯ected in the lipid organ-
ization in stratum corneum of atopic dermatitis and
lamellar ichthyosis patients. We investigated the
lateral lipid packing using electron diffraction and
the lamellar organization using freeze fracture
electron microscopy. In atopic dermatitis stratum
corneum, we found that, in comparison with healthy
stratum corneum, the presence of the hexagonal
lattice (gel phase) is increased with respect to the
orthorhombic packing (crystalline phase). In lamellar
ichthyosis stratum corneum, the hexagonal packing
was predominantly present, whereas the orthorhom-
bic packing was observed only occasionally. This is
in good agreement with studies on stratum corneum
lipid models that show that the presence of long-
chain free fatty acids is involved in the formation of
the orthorhombic packing. The results of this study
also suggest that the ceramide composition is
important for the lateral lipid packing. Finally, using
freeze fracture electron microscopy, changes in
the lamellar organization in stratum corneum of
both patient groups could be observed. Key words:
ceramides/cryoelectron microscopy/diseased human skin/
electron diffraction/freeze fracture. J Invest Dermatol
117:710±717, 2001
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mpairment of human stratum corneum (SC) barrier
function can lead to increased transepidermal water loss
(TEWL) and increased susceptibility to intoxication by
penetration of harmful agents. This has been observed in
various skin diseases (Rasmussen, 1979; Friedman, 1987;
Lavrijsen et al, 1993; Tupker et al, 1993). It has generally been
accepted that the lipid organization in the intercellular matrix of
human SC plays a key part in the creation of the SC barrier. These
lipids include ceramides (CER), free fatty acids (FFA), and
cholesterol (CHOL), which are present in nearly equimolar ratios.
In certain skin diseases in which the barrier function is affected,
aberrations in lipid composition have been described. Two
examples of such diseases are atopic dermatitis (AD) (Imokawa et
al, 1991; Yamamoto et al, 1991; Di Nardo et al, 1998) and lamellar
ichthyosis (LI) (Lavrijsen et al, 1995). The aim of this study has been
to investigate whether the aberrant lipid composition and SC
barrier function in AD and LI patients is re¯ected in the lateral and/
or lamellar lipid organization.
Humans are classi®ed as being atopic, when they have a history
of hay fever, asthma, or constitutional eczema. Patients with such
an atopic disposition often have dry and easily irritable skin
(Hani®n and Rajka, 1980); however, the severity of atopic eczema
is subjected to large variations and the eczematous lesions are not
necessarily distributed homogeneously over the body. Some
discrepancies in lipid composition have been reported with respect
to the features of lesional and nonlesional AD skin. Yet, most
researchers agree that the CER content, especially CER 1, in the
lesional part of the SC of these patients is markedly reduced
(Imokawa et al, 1991; Yamamoto et al, 1991; Di Nardo et al, 1998;
Matsumoto et al, 1999). Furthermore, these changes in lipid
composition have been associated with increased TEWL values.
Similar ®ndings have been reported for the nonlesional sites in these
patients indicating that the barrier impairment is a basic defect in
AD (Werner and Lindberg, 1985; Berardesca et al, 1990; Seidenari
and Giusti, 1995); however, the extent of these alterations may be
dependent on the severity of the disease.
LI is a rare autosomal recessive genodermatosis. The patient
group is clinically heterogeneous and characterized by a congenital
generalized nonbullous ichthyosis with a variable erythroderma
(Williams and Elias, 1987; Traupe, 1989). Different gene mutations
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have been found in LI. Mutations in the transglutaminase 1 gene on
chromosome 14 have been identi®ed in a large fraction of patients
(Russell et al, 1994; Huber et al, 1995). Recently, a LI gene was
localized on chromosome 2 (Fischer et al, 2000). Furthermore, a
reduced barrier function indicated by increased TEWL values is
found in LI patients (Frost et al, 1968; Lavrijsen et al, 1993). In this
study we have been interested in a group of autosomal recessive LI
patients in whom it was already demonstrated that the FFA/CER
and FFA/CHOL ratios were lower, whereas the CER/CHOL
ratio did not change markedly (Lavrijsen et al, 1995). Furthermore,
changes in the CER pro®le were observed.
From SC lipid model studies it is known that the presence of
FFA and the FFA chain length play an important part in the lateral
lipid organization (Bouwstra et al, 1996b, 1998b; Pilgram et al,
1998a). This seems to be true for the CER pro®le as well
(Bouwstra et al, 1999; Moore and Rerek, 1999).
Recently, we developed a preparation method for in vivo and ex
vivo human SC to study the lateral lipid organization locally and in
relation to depth using electron diffraction (ED) (Pilgram et al,
1998b). We found that ED provides information on the
intercellular lipid packing that is supplementary to other methods,
such as wide angle X-ray diffraction and Fourier-transformed
infrared spectroscopy. We could demonstrate that, in healthy
human skin, the lipid packing is predominantly orthorhombic
(crystalline) throughout the SC, whereas in the upper layers the
hexagonal (gel) packing (Pilgram et al, 1999) is present as well.
These ®ndings are in agreement with earlier wide angle X-ray
diffraction studies, which showed that both lattices were present in
intact SC (White et al, 1988; Bouwstra et al, 1992). Freeze fracture
electron microscopy (FFEM) is a useful tool to visualize the lamellar
organization and the morphology of corneodesmosomes in the
intercellular matrix of SC (Elias and Friend, 1975; Van Hal et al,
1996; Van der Molen et al, 1998). The advantage of both
techniques is that samples can be used that are collected in a
noninvasive manner using the tape- and grid-stripping technique.
In this study, the data obtained by ED and FFEM on the
intercellular lipid matrix in the SC of AD and LI patients were
compared with that of healthy human skin. We found alterations in
the lateral and lamellar lipid organization of both patient groups
compared with the control and also between the patient groups.
This indicates that changes in lipid organization may be involved in
impairment of SC barrier function.
MATERIALS AND METHODS
Sample collection Samples were collected from three healthy
volunteers, three patients with AD, and three patients with LI after
obtaining informed consent. The healthy volunteers had no history of
allergies, or skin problems. Furthermore, they did not use any fat-
containing cosmetic products. In two of the three patients with LI, a
reduced keratinocyte transglutaminase activity was found due to
mutations in the keratinocyte transglutaminase gene located on
chromosome 14q11 (Huber et al, 1995).
From the healthy volunteers only the ¯exor forearm of the right arm
was used, whereas samples from the patients were collected at both the
left and right ¯exor forearm. The left arm had not been treated with
(medicinal) creams or fat containing cosmetic products during at least
3 wk prior to sample collection, whereas the right arm was treated with
an emollient, usually containing 10% vaselinum album (petrolatum) in
cetomacrogol wax. Before starting the procedure, the ¯exor forearms
were gently cleaned with a 70% ethanol wipe to remove super®cial lipids
and an area of 2.5 3 1 cm was marked, which was the size of the tape
trips. Then samples were collected by alternating the conventional tape-
stripping technique with the grid-stripping technique in the following
order: (i) ®rst tape-strip (Avery T406, Dennison, Twinhout, Belgium);
(ii) second grid-strip (four grids); and (iii) second and third tape-strip
(Tesa®lm Beiersdorf, Hamburg, Germany). This procedure was repeated
three times at the same site to collect strips 4 until 8. Because the grids
are relatively small and collect only a few corneocytes instead of a layer
of cells, the grid-strips did not count for a new layer. Thus after the ®rst
(fourth and seventh) tape strip with Avery T406, the grid strips and
Tesa®lm tape strip were collected at the same depth, called the second
(®fth and eighth) strip. It was decided not to collect tape and grid strips
from deeper layers, as this may induce irritations in the patient groups.
The Avery T406 strips were used for FFEM in order to study the
lamellar lipid organization. The grid strips were used to study the lateral
lipid packing, whereas the Tesa®lm tape strips (strip 2, 3 and 5, 6)
merely served to reach deeper layers in the SC and were then discarded.
The grid-stripping method has been described elsewhere (Pilgram et al,
1998b). In this study, different kinds of copper grid were used for the
grid-strips: Mesh-400, thin bar Code grids and thin bar Mesh-700
Hexagonal grids (Agar Scienti®c, Stansted, U.K.). In previous studies, we
only used Mesh-400 grids, but it appeared that the yield of corneocytes
could increase when using the thin bar grids (Fig 1). Possible explan-
ations may be that the attachment to the skin is better because of the
reduced thickness of these grids, or fewer corneocytes are lost because
they protrude over the thinner grid bars more easily than over the
thicker Mesh-400 grids.
Freeze fracture electron microscopy Avery T406 glue was attached
to scribble paper to prepare a tape that could be used for the collection
of tape-strips. From these Avery T406 strips covered with a layer of
corneocytes, six pieces (1 3 1 mm) were cut and soaked in phosphate-
buffered saline. The strips were sandwiched between two copper holders:
one ¯at holder and one with a small hollow ®lled with phosphate-
buffered saline. The corneocyte layer was facing the ¯at holder and the
scribble paper was facing the holder with the hollow. This ``sandwich''
was blotted on a tissue to remove excess phosphate-buffered saline and
subsequently plunge frozen in liquid nitrogen cooled ethane. These
samples were stored in liquid nitrogen until use.
The preparation of replicas has been adapted from a method described
earlier by our laboratory (Van der Molen et al, 1997). Each fracture
cycle, three samples were mounted in a special holder and inserted into a
freeze-fracturing device (Balzers BAF 400). Samples were fractured at a
temperature of ± 150°C in high vacuum (10±6 Torr). The fracture plane
was replicated by evaporation of 2.5 nm platinum at an angle of 45°
(shadowing), followed by a carbon backing layer of 40 nm at an angle of
90°. Finally, the specimens were removed from the vacuum chamber
and submerged in 0.5 M dimethyl undecyl ammonium hydroxide in
toluene (Soluene-350, Packard Instrument, Meriden, CT) to clean the
replicas. The toluene was replaced every 24 h for 7 d. Thereafter, the
Soluene was removed by a toluene washing procedure, during which the
toluene was changed two times. Then replicas were mounted on
uncoated copper grids (Mesh-400). The ®nal cleaning procedure con-
sisted of immersing the replicas together with the copper grids into a
solution of a di-potassium chromic salt in sulfuric acid, followed by
distilled water. During this procedure the replicas detach from the grids
and these ¯oating replicas were remounted on new uncoated copper
grids (Mesh-400).
Figure 1. The use of thin bar grids increased the yield of
corneocytes on a grid strip compared with 400-Mesh grids. TEM
of a grid strip collected using a 700-Mesh thin bar grid. One or more
corneocytes span between the grid bars of many holes. Scale
bar = 20 mm.
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For each person, different areas in strips 1 and 7 (left and right arm for
patient groups) of at least two replicas were examined in a Philips EM
410 transmission electron microscope (TEM). Of each situation between
20 and 37 micrographs were recorded at magni®cations of 7700 3,
10,400 3, 16,900 3, and 31,000 3. Features on the micrographs about
the lipid lamellae and morphology of corneodesmosomes were scored
independently by three persons. The degree in which features were
observed, was indicated with a grade ranging from 0 to 3 (0 = not,
1 = occasionally, 2 = regularly, 3 = frequently observed). These data
were averaged for the control, AD and LI group, and analyzed
statistically using the independent samples T-test (statistical analysis
program SPSS 7.5).
Electron diffraction During sample collection, the grid strips were
immediately frozen by plunging into liquid nitrogen-cooled ethane.
Subsequently, the samples were placed in special specimen holders and
kept in liquid nitrogen until use.
Grids were mounted into a precooled cryo holder (Gatan, model 626,
Pleasanton, CA) and examined in a Philips EM 420 TEM. The TEM
operated at 100 kV (l = 0.0037 nm) and the following microscope
settings were used: Condensor 2 aperture of 30 mm, spotsize 40 nm,
objective aperture of 150 mm (to avoid/reduce charging of the sample),
and an area of approximately 1 or 20 mm2 was selected for diffraction.
Under these conditions a low dose of approximately 10 e± per nm2 was
obtained. Such a low dose is required to minimize radiation damage.
The effect of radiation is that the lipids and their organization become
damaged as a result of which the crystal structure disappears and ED
patterns broaden and fade away. This can be observed in the microscope
during longer exposure times. Good recordings (Kodak electron image
®lms SO-163, Rochester, NY) could be obtained with an exposure time
ranging from 5 to 20 s.
Of each person, at least two grid strips collected at both depths 2 and
8 were examined. On these grids, ED patterns of the lipid layers present
on three or more corneocytes were recorded by random selection of
areas in which re¯ections could be detected. The recorded ED patterns
of the grid strips were interpreted on the basis of the pattern (hexagonal
or orthorhombic), the appearance of the pattern (spots, arcs, rings), and
the presence of a broad band around 0.46 nm. These data were inserted
into a statistical analysis program SPSS 7.5 and analyzed using the Chi-
square test. Figure 2 shows a schematical representation of the lipid
organization and the corresponding diffraction patterns.
From LI patients, the samples collected at depth 8 from the untreated
right arm were also studied at temperatures ranging from 21°C to 80°C.
This could be done directly in the TEM by adjusting the temperature
unit of the cryo-holder (Pilgram et al, 1999).
RESULTS
Five types of categories were recognized for the ED patterns
of each group (patients and controls) In a previous study on
healthy human SC, we classi®ed the different ED patterns into four
categories: ort = orthorhombic and ort* = orthorhombic,
however, the hexagonal cannot be excluded, hex = hexagonal
and hex* = probably hexagonal, however, faint re¯ections of the
orthorhombic lattice may be present (Pilgram et al, 1999). In this
study we added a new category, which was observed regularly in
diseased SC: ort + hex = both orthorhombic and hexagonal are
present in the same area selected for ED. In this category, more
crystals of different types are present in a relatively small area, which
indicates that crystal mismatch occurs. Therefore, we decided not
to assign these patterns to one of the other four categories.
Figure 3 shows some characteristic ED patterns that have been
recorded in the SC of healthy, AD, and LI skin.
The obtained ED pro®le for the lipid packing of healthy
volunteers con®rms earlier ED studies The distribution
pro®le of the ED patterns that have been collected from the SC
of three healthy volunteers at depths 2 and 8 (number of grid strip)
is depicted in both Figs 4 and 5. The orthorhombic packing
predominates at both depths, whereas the hexagonal packing is
observed more frequently at depth 2 than at depth 8. Statistical
analysis could not establish a signi®cant difference between the
patterns at strips 2 and 8; however, a similar trend related to a
decrease of the hexagonal lattice with depth was observed as in our
previous studies (Pilgram et al, 1999).
The lateral packing in the SC of AD and LI patients is
signi®cantly different from the control group In AD and LI
patients, samples were collected from both arms, of which the right
one was left untreated during at least 3 wk, whereas the left arm
was treated with an emollient. Figures 4 and 5 show the relative
distribution pro®le of the ED patterns in the ®ve categories
recorded in, respectively, AD and LI skin in comparison with the
Figure 2. Schematical representation of the
lipid organization and the corresponding ED
patterns. (a) In the liquid crystalline (La or ¯uid)
phase the lipids display lateral and rotational
movements. In the hexagonal (Lb or gel) phase
and the orthorhombic (crystalline) phase the
lateral movements are reduced. Note that in SC
the lamellar organization is more complicated than
what is shown here (Bouwstra et al, 1998a). (b)
The circles represent the acyl chains of the lipids.
In the liquid phase their position is not well
de®ned in contrast to the hexagonal and
orthorhombic packing. In the hexagonal packing
the hydrocarbon chains can freely rotate around
their axes. In the orthorhombic packing the lipids
are in a solid state and are packed more closely in
one direction indicated by the 0.37 nm spacing.
The orthorhombic packing is considered the least
permeable structure, whereas the liquid crystalline
phase is highly permeable to compounds. (c) The
ED pattern of the liquid phase consists of a broad
band centered at 0.46 nm, because the
hydrocarbon chains can freely move. In the
hexagonal packing, the distance between the
hydrocarbon chains is similar in all directions;
therefore, the re¯ections of the repetitive lattice
planes are all located at the same distance
(0.41 nm) from the central spot. In the ED
pattern of the orthorhombic lattice, re¯ections are
located at 0.37 and 0.41 nm, because of the
different spacings between the repetitive lattice
planes.
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control samples. In these ®gures, differences in the relative
distribution of the hex and ort lipid packing are shown, because
these structures are highly related to speci®c lipid compositions
(Bouwstra et al, 1998a,b, 1999), which are altered in AD and LI
skin. The ED patterns consisting of only a broad band around
0.46 nm are not included in the graph, because it is uncertain
whether such a pattern only arises from lipids present in a ¯uid
phase, or from a-keratin present within the corneocytes (causing a
0.46-nm band in the pattern), and/or as a result of fading due to
radiation damage, as well (Pilgram et al, 1998b). In ED patterns in
which hex and/or ort re¯ections were present, however, close
attention was paid whether or not a broad band with a sharp edge
could also be observed. Therefore, these observations were
interpreted separately.
In samples from healthy controls and LI patients, the intensities
of re¯ections in the ED patterns were often stronger than those in
the patterns of AD skin. In the case of AD, the frequency with
which the hexagonal packing was recorded in patterns containing
clear spots or rings, was signi®cantly increased compared with that
in control SC. This was observed in both treated and untreated
samples. Re¯ections indicative of the orthorhombic lattice could
appear as normal, although this pattern was recorded less frequently.
The presence of ED patterns in the category ort + hex was slightly
increased. Signi®cant differences could not be established between
treated and untreated samples, or between strips 2 and 8.
In LI skin, the changes in lateral lipid organization were even
more pronounced than in AD skin. The hexagonal lattice
predominated, whereas the orthorhombic packing was observed
only occasionally. Moreover, the appearance of the orthorhombic
pattern was different, as its re¯ections were mostly present as small
spots only. As in AD skin, the ED patterns in the category ort + hex
were increased and no signi®cant differences could be established
with respect to treatment and depth in the SC of LI patients. Other
observations that were made in both AD and LI samples include an
increase in the number of ED patterns consisting of only a diffuse
band around 0.46 nm, and an increase in the number of spots from
either the orthorhombic or the hexagonal lattice. The latter ®nding
implicates that in a certain area selected for diffraction the lattices
were more often present as differently oriented crystals.
Temperature series shows the presence of a ¯uid phase in
the SC of LI patients The samples from LI patients collected at
depth 8 from the untreated arm were also examined at different
temperatures (Fig 6). It was found that at physiologic temperature
(32°C) besides the hexagonal packing a ¯uid phase could clearly be
detected, as it is characterized by a broad band with a sharp edge.
Between 40°C and 60°C the hexagonal packing persisted next to
the ¯uid phase, and above 80°C mainly a ¯uid phase was present.
Replicas from the SC of AD and LI patients show aberrant
morphology compared with control samples Figure 7
shows representative pictures of the replicas from control and
diseased SC. To what extent features such as the presence of lipid
steps, the appearance of lipid layers, the presence, and morphology
(distribution of protein particles, presence of lipid plaques) of
corneodesmosomes were observed, is represented in Table I. It
was found that in AD skin the number of steps (fracture across a
lipid layer) was not signi®cantly different from the controls
(Fig 7a); however, the fracture plane of the lamellae often
contained rough structures (Fig 7c). The corneodesmosomes in
the ®rst tape strip of control samples could have an irregular
morphology, whereas at depth 7 the protein particles were regularly
distributed (Fig 7b). In AD skin the corneodesmosomes had an
irregular appearance in samples from treated and untreated skin at
both depths (Fig 7d). The replicas of treated and untreated LI skin
showed a signi®cant increase in the number of lipid steps (Fig 7e)
Figure 4. Relative distribution of the ED
patterns into the ®ve categories from
controls and AD patients. The graph
summarizes the ED patterns recorded in samples
from healthy volunteers (C) and from AD patients
in relation to treatment and depth (strip numbers
2 and 8). The presence of hex is signi®cantly
increased in the SC of AD patients.
Figure 3. Representative ED patterns recorded in healthy and
diseased skin. (a) Orthorhombic ED pattern of healthy SC (ort). (b)
Orthorhombic pattern recorded on a grid-strip of an AD patient. The
re¯ections appear as small spots. (c) Hexagonal patterns, frequently
observed in samples from LI patients (hex). (d) Hexagonal and
orthorhombic lattice in the same area selected for diffraction (ort + hex).
This patterns was observed occasionally in SC from LI patients. The
patterns shown in A and C could also be observed in samples from AD
patients.
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compared with control samples, whereas the appearance of the lipid
layers was not signi®cantly different. Furthermore, the protein
particles of the corneodesmosomes were irregularly distributed
(Fig 7f).
DISCUSSION
An advantage of the tape- and grid-stripping technique is its
noninvasive character. This makes these methods very well suited
for collecting samples to study the lipid organization in the SC of
patients with skin diseases. In this study, we have investigated skin
of AD and LI patients to obtain more insight into the relation
between lipid composition and lipid organization towards SC
barrier function. For that purpose, we used ED and FFEM to
examine the intercellular lipids in the SC of the patient groups and
compared these results with those obtained from the control group.
It was found that the lateral lipid organization in the SC of
healthy volunteers was mainly orthorhombic and that the hex-
agonal packing was observed more frequently at depth 2 than at
depth 8. These results con®rm the ®ndings of a previous study
(Pilgram et al, 1999) in which we demonstrated that the presence of
the hexagonal packing decreased with depth and was absent in the
deeper layers of the SC (depth > strip number 10). This provides
the evidence that the collection of samples and the distribution
pro®le of ED patterns recorded in these samples, is reproducible.
The change in lipid organization in the outer SC may be related to
the presence of sebum, which penetrates the intercellular matrix
from the surface (Sheu et al, 1999). This explanation seems to be
very likely, because other signi®cant changes in lipid composition
as a function of SC depth, which may cause these alterations, have
not been observed (Norlen et al, 1999; personal communication
with M. Ponec).
It was noticed that the intensity of the re¯ections in ED patterns
from LI skin was similar to those in grid strips from healthy
volunteers. Yet in AD skin, the re¯ections of ED patterns were
more dif®cult to observe, because they were more diffuse and/or
their intensity was decreased. Indeed, the relative number of ED
patterns that consisted of only a diffuse band was increased. This
may indicate that in AD skin the lipids are either more disordered
or their amount in the intercellular matrix is lower. Fartasch et al
(1992) found that the lamellar extrusion process in AD skin is
impaired, whereas this process appears normal in LI skin (Fartasch,
1997). A reduction in lamellar body extrusion at the stratum
granulosum/SC interface leads to a decreased amount of inter-
cellular lipids, as a result of which ED patterns may be more
dif®cult to detect.
Besides this, the lateral lipid organization of AD skin showed an
aberrant distribution pro®le of ED patterns. The frequency of the
hexagonal packing increased signi®cantly compared with healthy
controls. This was observed for treated and untreated skin at both
depths. The more frequent appearance of the hexagonal packing
cannot be caused by the increase in the broad band around
0.46 nm, as then an orthorhombic±liquid phase transition is
required. This has never been observed with SC lipid mixtures.
The FFEM data revealed that the number of steps was not changed
compared with the controls, whereas the fracture plane of the
lamellae more often contained rough structures. Several studies on
AD skin reported a decreased CER level in the intercellular matrix
of the SC, especially with respect to CER 1 (Imokawa et al, 1991;
Di Nardo et al, 1998; Bleck et al, 1999). Yamamoto et al (1991)
showed that instead of linoleate (C18:2), oleate (C18:1) is esteri®ed
to CER 1 and that the fraction of fatty acids esteri®ed to CER is
slightly more monounsaturated. The monounsaturation of the
esteri®ed fatty acids (kink in the acyl chain) may prevent the lipids
organizing in a crystalline lattice. The decrease in CER content has
been associated with the dry appearance of AD skin, as well as the
reduced amount of sebaceous lipids (Rajka, 1974) due to reduced
activity of sebaceous gland secretion (Wirth et al, 1981). Bleck et al
(1999) recently showed that in the upper part of the SC the relative
Figure 5. Relative distribution of the ED
patterns into the ®ve categories from
controls and LI patients. The graph summarizes
the ED patterns recorded in samples from healthy
volunteers (C) and from LI patients in relation to
treatment and depth (strip numbers 2 and 8). In
the SC of LI patients, hex predominates.
Figure 6. Temperature series of untreated SC grid-strips from LI
patients showing the presence of a ¯uid phase. (a) 32°C, hexagonal
and ¯uid phase. (b) 40°C, hexagonal and ¯uid phase. (c) 80°C, at this
temperature the hexagonal packing was no longer observed. The ¯uid
phase is indicated with arrowheads.
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amount of FFA is present at decreased levels; however, it remained
uncertain whether this is caused by a reduced amount of FFA from
sebum or by an increased loss of FFA. The origin of the FFA
fraction is crucial, because in lipid mixtures containing pig CER, it
has been observed that in the absence of either CER 1 or long-
chain FFA a hexagonal packing is predominantly present (Bouwstra
et al, 1996a, 1998a, b; Pilgram et al, 1998a). Therefore, a decreased
amount of CER 1 and possibly long-chain FFA in SC of AD
patients may account for a reduction of the orthorhombic lattice.
Besides the changes in the lateral lipid packing, the FFEM results
indicate a reduced order in the lamellar organization. As CER 1
plays a dominant part in the formation of the lamellar phases, the
reduction in the CER 1 content and/or the changes in architecture
of CER 1 may play a part in the deviant appearance of the lipid
lamellae in replicas from AD skin. The importance of the reduced
FFA content on the lipid organization remains a subject for further
investigation.
In LI patients, the hexagonal lattice in SC clearly predominated
in treated and untreated skin at both depths. The appearance of
orthorhombic ED patterns differed from control samples and a ¯uid
phase was clearly observed already at physiologic temperature.
Probably, this ¯uid phase is present in the lamellar phase; however,
the presence of an isotropic (nonlamellar) liquid phase cannot be
excluded. Furthermore, the morphology as observed in the replicas
Figure 7. Representative electron micro-
graphs of replicas from healthy and diseased
SC. (a) Smooth lipid lamellae and steps in healthy
SC. (b) Regular distribution of protein particles in
corneodesmosomes from healthy SC. (c) Rough
lipid structures and steps in SC from an AD
patient. (d) Irregular distribution of protein
particles, which are not clearly de®ned, in
corneodesmosomes from an AD patient. (e)
Smooth lipid lamellae and a high number of steps
in SC from an LI patient. ( f ) Irregular distribution
of protein particles in corneodesmosomes from an
LI patient. SL = smooth lipids; RL = rough
lipids; *Lipid plaques; small and large arrowheads
indicate, respectively, some and many steps; arrow
indicates irregular corneodesmosomes. Scale bar:
500 nm.
Table I. Average scores of the morphologic parameters observed in replicas from healthy and diseased SCa
Lipid lamellae Corneodesmosomes
Skin Strip no Steps Smooth Rough Regular Irregular
Control 1 2.00 6 1.00 2.33 6 0.58 1.00 6 1.00 0.67 6 1.15 2.00 6 0.00
7 1.50 6 0.71 2.50 6 0.71 1.00 6 1.41 2.00 6 0.00 0.50 6 0.71
AD 1 2.20 6 0.84 1.80 6 0.45* 2.20 6 0.45* 0.33 6 0.58 2.33 6 0.58
7 2.00 6 0.71 1.40 6 0.89* 2.20 6 0.84* 1.00 6 0.71 1.80 6 1.10
LI 1 2.80 6 0.45* 2.60 6 0.55 1.60 6 0.55 0.80 6 0.84 2.40 6 0.55
7 2.67 6 0.52* 2.50 6 0.55 1.33 6 0.82 0.83 6 0.75* 2.50 6 0.55*
aThe asterisks mark the values that are signi®cantly different (p < 0.05) from controls (0 = not observed, 1 = occasionally observed, 2 = regularly observed, 3 = frequent-
ly observed).
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showed that the lamellar organization was altered, as well. The
number of steps was markedly increased compared with control
samples, whereas rough lipid surfaces were not observed regularly
in contrast to AD skin. The presence of many lipid stacks is in
agreement with ®ndings by Fartasch (1997), who reported that
lamellar extrusion appears normal, but that the reorganization of
the lipid stacks into lamellar sheets seems to be incomplete (see
below). Lavrijsen et al (1995), showed in studies on the SC lipid
composition of LI patients that the FFA/CER as well as the FFA/
CHOL ratios were lowered, whereas the CHOL/CER ratio
remained similar as in normal skin. Besides the reduced FFA
content, they also showed that the composition of the CER
fraction differed from that of control SC. It has recently been
demonstrated that a change in the CER composition (except for a
reduction in CER 1) does not alter the phase behavior in equimolar
CHOL/porcine CER mixtures (Bouwstra et al, 1999). Therefore,
the reduced FFA levels form the most likely explanation for the
predominantly hexagonal packing in SC of LI patients; however, as
a reduction in the chain length of either CER or FFA might also
occur, it cannot be excluded that this may play a part as well. The
observation that a ¯uid phase is clearly present in samples studied at
temperatures between 21°C and 80°C further indicates that the
lipid organization differs from control samples. In a previous study
(Pilgram et al, 1999), we could only detect the ¯uid phase in
samples from healthy volunteers at elevated temperatures (> 60°C).
In a previous study by Lavrijsen et al (1995) on LI skin, a decrease
of the lamellar spacings was observed as measured with small angle
X-ray diffraction, which indicated major changes in the lamellar
phase behavior in comparison with normal skin. They suggested
that changes in CER composition or a reduction in CER or FFA
chain lengths may explain the decrease in lamellar periodicity. Our
present study con®rms an abnormality in the lamellar phase
behavior. The increased number of lipid steps in the replicas from
LI skin may indicate changes in the rigidity of the lamellae. This
may be caused by a reduced lateral density of the lamellae or by the
presence of smaller crystal domains, which is also re¯ected in the
appearance of differently oriented crystals as observed with ED. It
has also been shown in SC sections stained with RuO4 that
irregular distributed lipid membranes are present in the intercellular
matrix as well as areas containing excessive numbers of lipid bilayers
(Ghadially et al, 1992; Fartasch, 1997). Our ®ndings about the
increased number of steps in the fracture plane of LI samples
correspond to the results in that study.
The changes in lateral and lamellar lipid organization observed in
the SC of both groups of patients may account for the aberrations
in SC barrier function. Several studies on lipid phase behavior in
both phospholipid membranes (Xiang and Anderson, 1997) and in
SC (Ogiso et al, 1998) have shown that coexisting phases (e.g.,
during phase transitions) lead to increased permeability of certain
compounds. The reason for this may be an increase of alkyl chain
mobility as a result of which compounds can cross lipid layers more
readily. Furthermore, lipid layers may show leakages between grain
boundaries, which arise at sites where two or more crystals of
different nature fail to form a continuous layer (Langner and Hui,
1993). As a result of this, penetration of compounds may be
enhanced. Such an effect is very likely to occur in the SC of both
patient groups, because we found that the number of crystal
orientations in a certain area selected for diffraction was increased.
Furthermore, hexagonal and orthorhombic lattices could be
observed in the same ED patterns.
Additionally, other explanations for a defective barrier remain
possible as well. In this study we observed changes in the
morphology of corneodesmosomes; the distribution of protein
particles was often inhomogeneous and the shape of the particles
was irregular. This was observed at both depths, whereas in healthy
SC irregular distribution of the particles was only observed in the
®rst tape strip. This suggests that the corneodesmosomes are being
disintegrated to a larger extent compared with control samples. Our
observations of irregular distribution of protein particles and the
presence of lipid plaques on top of the corneodesmosomes
correspond very well with the morphologic details in SC sections,
showing, respectively, a decrease in density of the corneodesmo-
somes and pointing of desmosomal plugs by the insertion of lipid
layers between this plug and the corneocyte envelope (Fartasch,
1997). By this mechanism, the adhesion between corneocytes is
lost, which may be functional in the desquamation process;
however, under pathologic conditions, an increased degradation
of the corneodesmosomes may affect SC barrier function.
Other studies reported that changes in the corneocyte envelope
have been observed in LI skin (Hohl et al, 1993; Niemi et al, 1991;
Paige et al, 1994) as well as defects in the gene coding for the
enzyme transglutaminase, which is involved in the corni®ed
envelope formation by catalyzing the cross-linking of precursor
proteins such as involucrin (Huber et al, 1995). These ®ndings may
also contribute to explain the impaired SC barrier function. Thus, it
seems feasible that SC barrier function depends on both lipid
organization and protein structures.
In conclusion, this study clearly shows that changes in lipid
composition in AD and LI skin alter the lateral and lamellar lipid
organization. The ®nding that the lateral lipid organization in LI
skin is predominantly hexagonal is in good agreement with SC lipid
model studies showing that long-chain FFA are required to form an
orthorhombic lattice. The results in this study also con®rm the
hypothesis that an orthorhombic packing is required for proper SC
barrier function. Whether the changes in CER 1 may indeed
account for the increased presence of the hexagonal lattice in AD
skin remains a subject for further research.
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